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Abstract 
The oral mucosa consists of diverse and understudied epithelia that all exhibit remarkable capacity 
for repair. It is thought that reserve populations of stem cells are responsible for replenishing 
epithelia following injury, though no markers for reserve stem cells have been identified in the 
oral epithelia. Previous studies in epithelial tissues such as the epidermis and intestine have found 
that regenerative stem-like cell populations generally reside in the basal layer of these stratified 
epithelia. Here, we seek to identify candidate reserve stem cells through an unbiased genetic 
“pulse-chase” strategy. We use transgenic mice that express GFP fused to a histone protein, under 
control of the promoter for basal keratin 5, labeling highly proliferative basal cells during the 
“pulse” period. Upon administration of a drug (doxycycline; via the food), new translation of H2B-
GFP ceases and existing GFP signal is diluted during mitosis. Thus, after a prolonged “chase” 
period, the only GFP+ cells remaining are those that have divided infrequently or not at all, a 
behavior characteristic of reserve stem cells. We successfully identified such “label-retaining 
cells” (LRCs), which we consider candidate stem cells, after 28- and 56-day chases. We sorted 
cells to isolate those with high levels of GFP (the LRCs), and found that they highly express the 
transcription factors Sox9 and TAp63, known markers of stem cells in other tissues. This approach 
may thus be used in the future to uniquely mark LRCs in this tissue for further study via 
transcriptional profiling of populations and single cells. Interestingly, we identified patterned 
enrichment of LRCs in discrete regions of the palatal ridges, known as rugae. Identification and 
characterization of candidate stem cell populations that reside in these palatal niches may yield 




Most tissues with rapid cellular turnover, such as the epidermis and intestine, are thought 
to be maintained by two pools of stem cells: a relatively proliferative “active” pool that maintains 
tissue during homeostasis and a quiescent “reserve” pool that is mobilized during regeneration 
following injury1,2. Activation of reserve stem cell populations is proposed to be the driving force 
in rebuilding epithelia following extreme stress, a vital function for cells lining the digestive tract 
and the epidermis. Extensive research has characterized these populations in neurons3, skin2, and 
the intestine4, though many tissues remain unstudied. 
The palatal epithelium is one such tissue which lines the upper oral cavity. This epithelia 
has unparalleled regenerative capacity characterized by rapid rebuilding with little to no scarring. 
Tissue grafting with palatal epithelia has been used to treat gingival damage following surgery and 
functionally reconstruct damaged eyelids5,6. Unlike other well-studied epithelia, the palatal 
epithelium is a “pure” tissue in that it is not interrupted by ectodermal appendages such as the hair 
follicles in the epidermis and the crypt-villi in the intestine. The palate does have a unique 3-
dimensional architecture consisting of 9 palatal rugae, lateral ridges which pattern along the 
anterior-posterior axis of the tissue7. Very little is known about stem cells in palatal epithelium, 
including where they reside and when they become activated. Identification of reserve stem cell 
populations and their role in regeneration has implications for both regenerative therapy as well as 
treatment of highly prevalent developmental defects such as cleft palate. 
Reserve stem cells are believed to be slow-cycling as they are generally not involved in 
homeostatic regulation of the epithelia. In order to identify candidate stem cells in other well 
studied systems, one approach has been to identify slow-cycling populations and then probe for 
canonical stem cell markers2–4. Transcription factors, such as those of the Sox (SRY-related HMG-
box) family, have been implicated in controlling stem cell machinery and seem to be fruitful targets 
for understanding stem cell fate decision-making8. Here, we adopt a genetic label retention strategy 
developed by Tumbar et al, 20042 to identify spatial niches of slow-cycling cells and probe for 
characteristics indicative of stemness in these cells. 
Methods 
Animals 
Keratin-5-tTA (FVB/N-Tg(KRT5-tTA)) mice were acquired from NCI9. TetO-H2B-GFP 
(Cd1/Tg(tetO-HIST1H2BJ/GFP)) mice were acquired from the Jackson Laboratory4,10,11. The 
label-retention study conducted has been previously validated using the K5-tTA and TetO-H2B-
GFP2. Mice expressing both transgenes express GFP at levels detectable using a fluorescent 
flashlight (NIGHTSEA DFP-1). These mice were chased beginning at P28 or later with ENVIGO 
Doxycycline chow (Rx 1963642) for 7, 14, or 28 days. 
Immunohistochemistry (IH) 
Tissues were immediately fixed for 1 hour at room temperature (RT) in 4% paraformaldehyde 
(PFA) following dissection. After washing with PBS, the samples were equilibrated overnight in 
30% sucrose solution and then mounted in optimal cutting temperature (OCT) compound. 12 
micron sections were cut on a Leica CM1950 cryostat onto Fisher SuperFrost Plus slides and stored 
at -80°C. slides were incubated at 37°C for 45 minutes before a 1 hour block with gelatin block 
(5% normal donkey serum, 3% BSA, 8% gelatin, 0.05% Triton X-100 in PBS). Slides were 
incubated with primary antibodies diluted in gelatin block overnight at 4°C, washed extensively 
with PBS, followed by 2 hours of secondary antibody incubation in gelatin block at RT. A DAPI 
counterstain was performed for 5 minutes to label nuclei and samples were mounted in ProLong 
Gold (Invitrogen).  Images were acquired using LAS AF software on a Leica TCS SPE-II 4 laser 
confocal system on a DM5500 microscope with ACS Apochromat 40×/1.15 oil objective, and 
processed using Fiji/ImageJ. The following antibodies were used: guinea pig anti-cytokeratin14 
(Acris BP5009, 1:2000), rabbit anti-survivin clone 71G4b7 (Cell Signalling 2808S, 1:1000), rabbit 
anti-Sox9 (Millipore AB5535, 1:1000), rabbit anti-Ki67 (Millipore-Sigma AB9260, 1:1000), 
rabbit anti-ΔNp63 (BioLegend Poly6190, 1:2000), rabbit anti-cytokeratin10 (Covance/BioLegend 
PRB-159P, 1:500), chicken anti-GFP (Abcam ab13970, 1:2000), donkey anti-GP-Cy5 (Jackson 
Immunologicals, 1:500), donkey anti-Rb-RRX (Jackson Immunologicals, 1:500), donkey anti-Rb-
Alexa488 (Invitrogen, 1:1000), rabbit anti-Ch-Alexa488 (Invitrogen, 1:1000), DAPI DNA 
counterstain (1:2000). 
Palate Cell Isolation and Flow Cytometry 
Palates were micro-dissected and immediately transferred to 12-well plates with 1 mL of PBS and 
kept on ice. 1 mL dispase (Invitrogen) was added to each palate and incubated for 1 hour at 37°C. 
Forceps were used to peel the epidermis from the dermis, with the epidermis then transferred to a 
12-well plate with 0.25% Trypsin-EDTA. After a 30 minute incubation at RT, samples were 
triturated several times to suspend the basal cells. Cells were isolated using a 70 μm filter and then 
rinsed with 2 mL of E low calcium medium, then centrifuged for 5 minutes at 300g12. The pellet 
was resuspended in FACS buffer (PBS + 1% FBS(-), chelated to remove Ca2+/Mg2+) and stored 
on ice. To discriminate basal (integrinhigh) from post-mitotic suprabasal (integrinlow) cells, BioRad 
anti-α6-Integrin-AlexaFluor647 (1:250) was added to cells and incubated for 30 minutes. A sample 
from an unchased animal was used to standardize GFP fluorescence for FACS. Before sorting 
using the Sony SH800S Cell Sorter, Sytox® Dead Cell Stain was used to evaluate viability. Cells 
were sorted to include only basal (α-Integrin-647hi) populations and gated by GFP levels (GFPhi = 
label-retaining cells; GFPlo = non-LRCs). FACS analyses were performed using FlowJo software. 
qPCR 
RNA isolation was performed using ThermoFisher RNAqueous®-Micro Total RNA Isolation Kit 
(AM1931). Invitrogen Superscript VILO cDNA Synthesis kit was used to generate a cDNA library 
from isolated cells for quantitative PCR. Validated primers for GFP, Sox9, K14, and Ki67, and 
Cyclin D1 were used to perform qPCR. Primers for TAp63, ΔNp63, Notch 2, and Itgb1 were tested 
and validated here. Validated PPIB primers were used to standardize expression levels13. qPCR 
was performed on a BioRad CFX385 Touch or Applied Biosystems 9500 Fast system using the 
SYBR green system (BioRad  SsoAdvanced Universal SYBR green mastermix, catalog #175271). 
Results 
Keratin 5 Driven GFP Labels the Majority Basal Cells in the Oral Mucosa 
The adult palate has alternating regions referred to here as the rugae, 9 large ridges 
spanning the entire tissue, and inter-rugae (Figure 1A, top panel). Closer inspection of these 
regions reveals that there are other smaller structures which are present in this tissue which 
resemble the rete ridges present in other squamous epithelia such as the palm and scalp (Figure 
1A, lower panel). In the palm, stem cells are thought to localize to the rete ridges, which we 
hypothesize may be true of palatal rete ridges as well14. To identify populations of slow-cycling 
cells, or candidate stem cells, we implemented a label-retention assay previously utilized to 
identify epithelial stem cells in the hair follicle bulge region2. Here, we focus on the basal layer of 
the epithelia as dividing cells are generally located in the lowest layer of stratified epithelia15.  
A Keratin 5 (K5) promoter was selected for pulsing as it has been shown to label basal 
populations in all of the oral mucosa, including the hard palate16. In a K5-tTA transgenic, this 
promoter drives transcription of a tetracycline-regulated transactivator (tTA) in conjunction with 
K5 expression in basal epithelial cells.  A second transgene, tetO-H2B-GFP, is activated when tTA 
(“tet-OFF”) binds to the tTA responsive element (TRE). Mice with both transgenes (K5-GFP 
mice) constitutively express histone H2B-GFP stably incorporated into nucleosomes during the 
pulse period. In order to chase the tissues, we administered doxycycline, a compound which binds 
to tTA and prevents its binding to the TRE elements of the tetO-H2B-GFP transgene, through food 
pellets. During the “chase” period, doxycycline administration prevents new transcription of H2B-
GFP, such that the existing quantity of H2B-GFP becomes diluted by roughly half during each 
cellular division (Figure 1B). Over time, cells with less GFP are those which have undergone more 
divisions, and represent actively dividing cells. On the other hand, label-retaining cells (LRCs) are 
those cells which have the highest amount of GFP following extended chases, and have divided 
infrequently, or not at all. LRCs may represent either post-mitotic differentiated cells or quiescent 
candidate stem cells. Over prolonged chase periods, post-mitotic cells are removed by tissue 
turnover (~6 days in oral epithelia) leaving only slow-cycling cells among the GFP+ population17. 
We found that the majority of the oral epithelia in K5-GFP mice were labeled during the 
initial pulse period. While this result was expected given the known widespread expression pattern 
of K5 in murine oral mucosa, the efficacy of our genetic scheme is evident by the broad range of 
tissues labeled (Figure 1C). As shown later, given the unique presence of long-term LRCs in 
palatal epithelium, we chose to focus on the hard palate, a tissue defined by a highly ordered set 
of 9 lateral ridges known as the palatal rugae (Figure 1D).  Both the ectodermally derived hard 
palate and endodermally derived soft palate were distinctively labeled with GFP prior to chasing, 
visible by fluorescent stereoscopy. These results demonstrate the robustness of our genetic 
technique in labeling not only the hard palate, but a diverse array of oral mucosal tissues 
characterized by K5 expression. 
Label-Retaining Cells are Present in the Palatal Rugae after Prolonged Chases 
Studies in the epidermis, an epithelium which is stratified in the same way as the hard 
palate, have successfully identified LRCs by chasing GFP signal using similar genetic label-
retention strategies 2. To identify LRC populations in the palatal epithelia, we chased mice for 0, 
7, 14, and 28 days before performing immunohistochemistry to determine the patterns of label 
retention. In order to clearly distinguish cells which contained GFP after extended chasing, the 
signal was enhanced with an α-GFP antibody. 
After 7 days, GFP signal is reduced in some regions of the palatal epithelia but enrichment 
of the GFP signal enables visualization of the protein in a large portion of cells (Figure 2A). 
Surprisingly, an extended 28 day chase of K5-GFP mice revealed small pockets of LRCs between 
the palatal rugae (Figure 2A). Though most of the fluorescent signal was lost, enrichment of the 
remaining GFP showed that these LRCs niches rested along the lower slopes of the rugae with a 
slight bias towards the anterior side. Furthermore, rare populations of LRCS were almost never 
found near the top of the rugae, suggesting that populations of cells near the base are slow-cycling 
while those near the peaks are actively turning over. Assessment of these populations in rete ridges 
was made difficult by their small size and non-uniform distribution of such epithelial folds. 
To quantify the number of labeled cells and how GFP signal was diluted over time, each 
basal epithelial cell was counted and the fluorescence intensity of the enhanced GFP signal was 
recorded (Figure 2B). Prior to chasing, a significant portion of cells had saturated GFP 
fluorescence with about 11% unlabeled or having a low fluorescent intensity, representing “never-
labeled” cells due presumably to mosaic expression of the transgenes. By 7 days, ~4% of palatal 
basal cells retain saturated signal suggesting that they underwent no division during the chase, 
while just under 50% of the cells retained some degree of labeling. Labeled cells fell into a large 
range of values, supporting the idea that cells are dividing asynchronously and that some cells 
undergo more divisions than others. Longer chases had even lower proportions of labeled cells 
with few, if any, retaining the original level of GFP. Most cells divided frequently, over an 
estimated 5-6 divisions, such that GFP was barely detectable. Enrichment of GFP made it easier 
to visually separate rare cells which underwent few division cycles from rapidly dividing 
populations (Figure 2A, lower panel). Given the rarity of LRCs in longer chases, it seems that 
there are slow-cycling populations which may serve as candidate stem cells population in the 
palatal epithelium. 
Label Retaining Cells are Biased Towards Planar Cell Divisions 
 Basal epithelial cells undergo two major classes of divisions. Perpendicular divisions occur 
when a cell gives rise to one basal daughter and one suprabasal daughter, the later undergoing 
differentiation13,18. Planar divisions result in two daughter cells which retain a basal identity18. In 
adult epidermis, planar divisions dominate and perpendicular divisions are rarely, if ever, seen19. 
This has given rise to the belief that in the epidermis, most basal cells divide symmetrically, 
followed by delamination of one daughter which assumes a differentiated, suprabasal fate19. 
However, during development, perpendicular divisions are important for early epithelial 
stratification, and progenitor populations are thought to maintain a balance of symmetric divisions 
to produce identical daughters through self-renewal and asymmetric divisions to produce 
differentiated daughters13,16,20,21. 
In order to analyze the division orientation of LRCs after a 7 day chase, we utilize survivin, 
a protein which localizes between dividing cells, to measure division angles relative to the 
basement membrane as previously described (Figure 3A) 13,16,20. Interestingly, we found that basal 
cells in the adult palatal epithelium undergo both planar and perpendicular divisions (Figure 3A), 
with perpendicular divisions occurring with much greater frequency than has been reported in 
adult epidermis. When separating divisions between LRCs and non-LRCs, or those cells with 
fluorescence indicative of at least 3-4 cellular divisions, we found that there was a distinct bias in 
division orientation. LRCs underwent similar numbers of planar and perpendicular divisions, 
suggesting that they balance both renewing divisions and differentiating divisions. Non-LRC 
divisions were biased toward almost exclusively perpendicular ones which implies that they are 
differentiating (Figure 3B). Together, these results suggest that LRCs are unique among other 
basal epithelial cells in the palate and have division characteristics resembling those of reserve 
stem cell populations. 
Label Retaining Cells have Genetic Markers of Quiescence 
Having identified populations of rare LRCs, we saught to isolate and probe GFPhigh LRCs 
for genetic markers which would suggest that they were indeed slow-cycling, or quiescent. To do 
this, we micro-dissected the palate from an adult K5-GFP mouse chased for 7 days and performed 
enzymatic dissociation with dispase and trypsin in order to enrich for basal cells (Figure 4A). We 
then added an α6-integrin antibody conjugated with a far-red fluorescent probe (AlexaFluor 647) 
in order to purify basal cells (α6high) during Fluorescence Activated Cell Sorting (FACS). During 
the sorting process, we identified 3 major groups of α6high basal cells, those which were GFPhigh, 
GFPlow, and GFP- (Figure 4B). At 7 days, we expect a rare GFPhigh population to consist of LRCs 
and the more common GFPlow population to be comprised of actively dividing cells. The portion 
of basal cells falling into these groups aligned with what we expected from our fluorescence 
quantification in tissue sections, with very few GFPhigh cells and a relatively large proportion 
GFPlow cells (Figure 2B, 4B). GFP- cells were excluded from all analyses as it is possible they may 
represent a mix of rapidly dividing cells and “never-labeled” cells. 
Next, we performed quantitative PCR (qPCR) on the GFPhigh and GFPlow populations to 
probe previously implicated stem cells transcription factors from similar epithelia as well as cell 
cycle regulators (Figure 4C). As a confirmation of our sorting strategy, we find that there is ~5-
fold more expression of the GFP transcript in GFPhigh LRCs compared to GFPlow cells after a 7d 
chase. While dox treatment shuts down new transcription of H2B-GFP, transcripts are still 
detectable after 7 days by qPCR, and are likely also diluted equally between daughters with each 
division. GFPhigh LRCs express lower levels of Ki67 and Cyclin D1, markers of actively dividing 
cells, than their non-label-retaining GFPlow counterparts, implying that they are in fact less 
proliferative and supporting that LRCs in the palatal epithelia are slow-cycling. 
We analyzed several proteins which others have previously been shown to be involved in 
the regulation of quiescence in epithelial stem cells 8,22(Figure 4C). β1 integrins have been shown 
to be preferentially expressed in epidermal stem cells in palmoplantar skin and, given the 
similarities between the stratified structures of the epidermis and hard palate, may regulate 
stemness of candidate palatal stem cells14,23. β1 integrin expression was enriched in sorted palatal 
LRCs compared to non-LRCs (Figure 4C). Sox9, an established marker of quiescence in both the 
epidermis1 and intestinal epithelia22, was expressed at twice the level in LRCs, suggesting that it 
may play a role in regulation of slow-cycling cells (Figure 4C). These expression patterns also 
suggest that LRCs may represent a reserve stem cell population in the palate. 
Surprisingly, LRCs showed differential expression patterns of two p63 isoforms compared 
to non-LRCs. The transcription factor p63, specifically the ΔNp63 isoform, has been shown to be 
required for stratification of both the epidermis and oral epithelia24,25.  p63 has also been shown to 
interact with Notch2, a transcription factor implicated in stem cell regulation in several different 
tissues, suggesting a role in stem cell regulation25,26. ΔNp63, which is associated with 
differentiation of epithelial cells, was expressed at a lower level in LRCs, suggesting decreased 
drive for differentiation in these cells (Figure 4C).  TAp63, which has been linked to epidermal 
stem cells27, was found to be expressed ~5 times more in LRCs than non-LRCs (Figure 4C), 
implying regulation of an undifferentiated, stem-like state. This suggests that there may be an 
isoform shift involved in the transition from slow-cycling to actively dividing cells. 
We proceeded to validate several of these targets with immunohistochemistry on a K5-
GFP palate after a 28 day chase. As previously observed, LRC populations were found at the lower 
anterior slope of the palatal rugae. Sox9 seems to co-localize with GFP cells at a much higher rate 
than Ki67 despite there being fewer overall Sox9 cells in the palatal epithelia (Figure 5A, D). 
ΔNp63 rarely co-localized with GFP cells implying that LRCs are not undergoing differentiation 
(Figure 5B). Previous studies have shown that reserve stem cells are less likely to be actively 
dividing and have shown that they tend to have poor colocalization with Ki67, a marker of cell 
division28. Palatal LRCs colocalize far less frequently with Ki67 cells, suggesting that these 
populations are less likely to undergo cell division and that these cells are slow-cycling (Figure 
5C, D). Taken together, the gene expression and presence of proteins in palatal LRCs are 
characteristic of stem-like cells in other epithelia, suggesting that these cells may be reserve stem 
cells in this tissue. 
Discussion 
The label-retention assay implemented here was able to identify slow-cycling cells in 
populations marked by basal epithelial markers which had several properties of reserve stem cells 
including gene expression and behavior indicative of quiescence1,3,22. GFPhigh cells, of varying 
fluorescence intensities, seem to localize to the lower anterior slopes of palatal rugae. We propose 
that this location may serve as a niche for the localization and maintenance of candidate palatal 
epithelial progenitors. Given the periodic, striped growth patterning of palatal rugae during 
development, there may be a connection between these cell populations in adult tissues and their 
counterparts in embryogenesis7. Patterning of LRCs along the anterior-posterior rugae slopes may 
be an artifact of the order in which rugae form developmentally or may suggest a mechanism by 
which the epithelia maintains itself, with reserve populations located near the anterior slope and 
more proliferative populations rebuilding from the posterior.  
These patterns are difficult to assess using the sectioning method employed here as spatial 
information along the medio-lateral axis is largely lost. For a tissue with bilateral architecture such 
as the hard palate, there may be important cell type differences near the midline or the edges of 
rugae (Figure 1C). We have been working on developing passive aqueous-based clearing 
techniques to enable visualization of these LRCs in tissue wholemount, in order to better appreciate 
the complex 3D architecture of this tissue. Additionally, we have designed a second label retention 
strategy utilizing Keratin14 (K14) driven Cre-recombinase and lox-stop-lox-tTA transgenic mouse 
lines. Together, these transgenes effectively create a K14-tTA which can be crossed with the TetO-
H2B line used here to validate LRC patterns across these, and other, canonical basal markers. 
Adopting wholemount tissue analyses could allow us to better probe the spatial dynamics 
of slow-cycling populations to study their potential as reserve stem cells. Given the ease of access 
to the oral mucosa, single cell lineage tracing via photoactivatable reporters or confetti based 
lineage tracing could enable long-term probing of LRC behavior19. Confetti-mice have been used 
to identify the contribution of individual stem cells in the intestinal epithelium through fluorescent 
labeling of progenitors and “clones” which they give rise to29.  This could also be used to determine 
if LRCs are able to self-renew with daughter cells occupying a stem like niche and produce 
differentiated daughters, necessary functions of true stem cells22,23. Given the similarity of palatal 
rete ridges and palmoplantar rete ridges, as well as the morphological parallels between these folds, 
intestinal crypts, and hair follicles, these structures may be spatial niches for reserve stem cells in 
this tissue. Whole tissue analysis would enable full visualization of rete ridges and could be used 
to further test this hypothesis. 
        Addition assays of gene expression in GFPhigh vs GFPlow cells could be helpful in 
identifying markers of quiescence in this tissue30. Isolating cells from a longer chase will be 
important in getting a reliable profile of true LRCs. Targeted qPCR or RNA-sequencing of these 
cells would allow us to analyze the p63 isoforms in more detail and discern if they do indeed play 
a role in the transition from quiescent to actively dividing stem cells. Furthermore, by comparing 
gene expression of prospective reserve stem cells in the palate with other well studied stem cells, 
we could validate genetic stem cells markers and identify unique targets for stem cell maintenance 
in the palatal epithelia. 
Wounding assays could be implemented to study how the transcription factors found to be 
enriched in LRCs, as well as other proteins, could play a role in palatal epithelial regeneration. If 
LRCs are true stem cells in this tissue, we expect that perturbations in their gene expression will 
impair wound repair, perhaps in ways parallel to human disease phenotypes. In vivo knockdown 
of genetic candidates, such as Sox9 and p63, using Lentiviral Ultrasound Guided Gene Inactivation 
and Gene Expression (LUGGIGE) would enable us to study how different transcription factors 
can impact quiescence and activation of stem cells during regeneration13,20,31. Furthermore, 
probing the role of these target cells during development could aid in studies of palate fusion 
defects characterized by palatal clefting. Identifying which genes are responsible for wound repair 
and morphogenesis of the palate could be fruitful for increasing ability for repair in patients 
suffering from severe epithelial trauma. 
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Figure 1: Keratin 5 Driven GFP Pulses the Majority Basal Cells in the Oral Mucosa 
A) Sagittal (top) and coronal (bottom) sections of adult palates with suprabasal cells identified by K10 (red). Palatal 
rugae outlined in green and inter-rugae regions in white. Green arrows indicate palatal rete ridges. Scale bar: 100 μm 
B) Genetic pulse-chase strategy for identification of LRCs. K5-tTA transgenic lines are crossed with tetO-H2B-GFP 
to pulse basal epithelial cells. Administration of doxycycline represses GFP transcription to chase GFP fluorescence. 
C) Stitched image of the adult murine oral mucosa with nuclear staining (blue) and endogenous GFP signal (green). 
Epithelia with pulsed basal cells are identified via labels. Scale bar: 500 μm 
D) Schematic of the murine palate and stereoscope image of GFP signal in an unchased palate. R1-R9 mark the 9 
palatal rugae. Dotted lines along the central axis of the hard palate (green) and soft palate (red). Scale bar: 1000 μm 
 
Figure 2: Rare Label-Retaining Cells are Present in the Palatal Rugae after Prolonged Chases 
A) Stitched images of the palatal rugae with basement membrane (thick white line) and epithelial surface (thin white 
line) marked. GFP signal was enriched using an antibody for the protein. Palates from a K5-GFP adult chased for 7 
days and 28 days. Asterisks denote regions of label retaining cells in the 28 day chased palate. Scale bar: 100 μm. 
B) Quantification of enhanced GFP signal by fluorescence intensity in each cell, represented as a percentage of all 
basal epithelial cells, binned by 10 units of fluorescent intensity. Shaded regions are the mean of binned values, 
dotted red lines outline different samples, blue bars indicate fluorescence indicative of labeled cells. 
Figure 3: LRCs are Biased Towards Planar Cellular Divisions 
A) Survivin based technique for measuring division angle. Yellow lines define the plane of division relative to the 
basement membrane. Scale bar: 15 μm 
B) Radial histograms of division angles binned by 10 degrees for all cellular divisions in the basal layer, GFPhi cells, 
and GFPlo cells. 
 
Figure 4: Isolated LRCs Display Genetic Markers of Stem Cells 
A) Strategy for tissue microdissection, enzymatic dissociation, and sorting of basal cells from the palatal epithelia. 
B) Distribution of GFP intensity from 7 day chased tissue. GFPHI cells are candidate LRCs. 
C) Targeted qPCR of sorted cells for stem cell maintenance and cell cycle regulation genes. 
 
Figure 5: LRCs Colocalize with Traditional Stem Cell Markers 
A-C) Fluorescent microscopy of adult palatal rugae with nuclear reporter (blue) and enhanced GFP signal (green). 
Red arrows indicate cells with the protein indicated (A: Sox9, B: ΔNp63, C: Ki67), green arrows indicate cells with 
only GFP, and yellow arrows indicate cells with GFP colocalization. Scale bar: 50 μm 
D) Quantification of total number of cells with a stem cell (Sox9) or active cell cycle (Ki67) marker and LRCs 
colabeled with the marker. 
